Orientation-dependent Ceo electronic structures revealed by photoemission 
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We observe, with angle-resolved photoemission, a dramatic change in the electronic structure of 
two Ceo monolayers, deposited respectively on Ag (111) and (100) substrates, and similarly doped 
with potassium to half-filling of the Ceo lowest unoccupied molecular orbital. The Fermi surface 
symmetry, the bandwidth, and the curvature of the dispersion at F point are different. Orientations 
of the Ceo molecules on the two substrates are known to be the main structural difference between 
the two monolayers, and we present new band-structure calculations for some of these orientations. 
We conclude that orientations play a key role in the electronic structure of fullerides. 



In a standard formulation of quantum theory of solids, 
the emphasis is on the periodic nature of the lattice struc- 
ture and the internal degrees of freedom are usually ig- 
nored. As the frontier of condensed matter physics moves 
to more complex solids, such issues become more and 
more important. Complexity often arises from situations 
where interactions with similar energy scales are com- 
peting, and no degrees of freedom can be safely ignored. 
Fullerides offer one very interesting example of such a sit- 
uation. They are challenging standard approximations in 
solid state physics, because electronic correlations in the 
3-fold degenerate band are strong and electrons are cou- 
pled to high frequency phonons |l(. The primary reason 
for physicists to study them is to understand how these 
parameters might lead to new behaviors. However, they 
are also archetypical molecular systems, and many de- 
grees of freedom associated with the Ceo molecule (e.g. 
vibrational modes, Jahn- Teller distortions, orientational 
order etc.) should be taken into account, which greatly 
complicates the analysis. In fact, strong electronic corre- 
lations enhance the sensitivity to these local scale struc- 
tures, because they increase the average time spent by 
one electron near a Gqq, so that such a problem is typi- 
cally to be expected in a strongly correlated material. 

We reveal here an extreme sensitivity of the band 
structure of Cgo monolayers to one of this internal de- 
gree of freedom, namely the molecular orientations. The 
role of orientations in the electronic properties of ful- 
lerides has often be questioned. For example, A3C60 and 
Na2AC6o (A=K, Rb), which have similar structures but 
different orientational states, are both superconducting 
but with a different dependence of the transition tem- 
perature on the lattice parameter @, Q- -"- n the (ACeo)™ 
polymers, a different orientations in Ceo chains might 
control a transition between ID and 3D electronic struc- 
tures In TDAE-Cgo, the orientational order can be 
changed by the cooling process, which results in differ- 
ent magnetic ground states Nevertheless, the corre- 



lation between electronic properties and orientations has 
remained difficult to pinpoint. Recently, we have resolved 
the dispersion of a band in a Ceo monolayer through 
angle-resolved photoemission (ARPES) [||, which opens 
the possibility to monitor directly the changes in band 
structure as a function of orientations. A high sensitivity 
of the band structure to relative molecular orientations 
can be expected because the three degenerate lowest un- 
occupied molecular orbitals (LUMOs) that form the con- 
duction band, which are mainly built out of p-orbitals 
pointing radially at each carbon atom, have high angular 
momenta (L=5) 0. We present here an ARPES study 
of Ceo monolayers where structural changes, including 
different molecular orientations, are induced by the use 
of two different substrates, Ag(lll) and Ag(100). We 
evidence a complete change of symmetry of the Fermi 
surface (FS) and of the band dispersion, and investi- 
gate the role of orientations in the electronic structure 
with first-principles band-structure calculations for some 
of the configurations encountered in these monolayers. 
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FIG. 1: a) Sketch of the C6o/Ag(100) structure with respect 
to the positions of Ag atoms (grey points). Ceo are drawn 
with the two possible orientations : hexagon-hexagon (6-6) 
double bond or pentagon-hexagon (5-6) single bond on top. b) 
LEED for the C 6 o/Ag(100) monolayer at 14 eV. Red and blue 
rectangles define the reciprocal unit-cell for the two domains, 
c) First Brillouin Zone and location of high symmetry points. 
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FIG. 2: Comparison of C 6 o/Ag(lll) and C 6 o/Ag(100) mono- 
layers near half filling. Top : Map of the spectral intensity 
at the Fermi level in the first BZ (see Fig. 3 for color scale). 
The dotted lines describe the contour of the FS (for Ag(100), 
red and blue refer to the two domains). Bottom : Dispersion 
along the direction indicated by the thick black line on the 
map above. 



The growth of Cgo monolayers on different substrates is 
very well documented We first deposited a Ceo mul- 
tilayer onto a clean Ag substrate and obtained a mono- 
layer by annealing it at ~ 650 K, and then we doped the 
layer by potassium (K) evaporation. The cleanliness of 
the substrate was checked by the observation of Ag sur- 
face states 0, which disappear after Ceo deposition. The 
structure of the monolayer results from a compromise be- 
tween the Ceo-substrate and Ceo-Ceo interactions, which 
are of similar strength on noble metal surfaces jsj . The 
Ag(lll) surface offers the best lattice match with Cqq, 
leading to a hexagonal Cgo overlayer, very similar to a 
(111) plane of the bulk compounds. In case of Ag (100), 
the hexagonal packing of Ceo is distorted along one of 
the two equivalent directions, as illustrated in Fig. [Qi. 
While this structure has first been described as c(6*4) 
|l0j |. an incommensurate structure was proposed more 
recently |ll|. For our monolayer, the low energy elec- 
tron diffraction (LEED) pattern, presented in Fig.^>, is 
in better agreement with c(6*4), although some distor- 
tion from this model structure might be present. As for 
the Ceo orientation on top of the Ag(100) substrate, the 
scanning tunneling microscopy (STM) 1121 and the X- 
ray photoelectron diffraction (XPD) [lj| reveal the co- 
existence of two orientations, with either a single (5-6) 
bond (between a pentagon and a hexagon) or a double 
(6-6) bond (between two hexagons) facing the substrate 
and being aligned with the [110] or [1-10] direction (see 
examples on Fig. ^) . These orientations contrast with 
most noble metal ( 111) surfaces where a hexagon of Ceo 
faces the substrate 0], as for Ag(lll) [lfij . 

The main ARPES results of the present study are sum- 
marized in Fig. |21 which compares the electronic struc- 
ture of two monolayers. In both cases, the number of elec- 



trons per Ceo is estimated from the integrated area of the 
LUMO peak to be near 3, i.e. the band is half filled. All 
data were collected at the Advanced Light Source with 
a 35 eV photon beam in grazing incidence and polarized 
nearly perpendicularly to the sample surface |6j. In the 
top of Fig. we show with dotted lines the contour of the 
FS that reflects the different symmetry of the structure 
of the Ceo monolayers, induced by the substrate. The 
FS is almost circular in the case of C6o/Ag(lll), while 
it is rather rectangular for C 6 o/Ag(100). The complete 
analysis of the FS symmetry was given in ref. 6] for 
Ag(lll) and will be given below for Ag(100). In the bot- 
tom of Fig. [2 we further compare the dispersion along 
high symmetry lines, which reveals a more unexpected 
contrast. Most notably, the T point is unoccupied in 
Ceo/Ag(lll), while it is occupied for at least one of the 
three LUMO sub-bands in C 60 /Ag(100). As the T point 
is common to the two Cgo/Ag(100) domains, this behav- 
ior directly establishes a significant difference in band 
structures, regardless of any further analysis or struc- 
tural details. We argue below that this change is related 
to the different orientations. 

Figure |3| presents a larger view of the reciprocal space 
in the case of the Ag(100) substrate. The map was ob- 
tained by integration of the spectral intensity between 
0.01 eV and -0.05 eV from the Fermi level (E F ). As a 
result of the molecular nature of Cgo-based compounds, 
the photoemission cross-sections are strongly energy- and 
angle-dependent |l6j. and particular attention has to be 
given to the meaning of the measured intensities. Here, 
dispersion images show that each high intensity region of 
the map corresponds to a band dispersing towards Ep, 
like in Fig. [21 This rules out a simple modulation of the 
intensity due to cross-section or photoelectron diffraction 
effects 17]. Furthermore, the map presents the period- 
icity of the Ceo reciprocal lattice, whereas such modu- 
lations would be expected over a much larger angular 
range. The determination of the FS is complicated in 
Ag(100) by the presence of two domains, but their re- 
spective contribution can be distinguished by sampling 
a large area of momentum space, as in Fig. |3 because 
this covers many Brillouin Zones (BZ) with inequivalent 
contributions from the two domains. The map is char- 
acterized by a clear symmetry with respect to the di- 
agonals (black dashed lines), which is actually expected 
from the superposition of the two domains (see inset at 
left of Fig- EJ) ■ Furthermore, the high intensity regions 
(yellow to black color) are concentrated along regularly 
spaced vertical and horizontal lines, shown in Fig. [3] as 
blue and red dotted lines, respectively. As there is no 4- 
fold symmetry for one domain, this regular pattern must 
originate from a well-defined axial symmetry within each 
domain, which will appear as a squaring after superposi- 
tion. There are two symmetry axes in the BZ that could 
play this role, TM and TK' (see Fig. lc), but the spac- 
ing between the dotted lines is only consistent with seg- 
ments oriented along TK' . This means that the vertical 
segments of high spectral intensity arise from the domain 
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FIG. 3: Fermi surface map for the C6o/Ag(100) monolayer 
near half filling. No symmetry operation were applied to the 
data. Inset : Brillouin zones for the two domains (red and 
blue) showing the position of the dotted lines describing the 
location of the Fermi Surface (see text). 

drawn in blue, and the horizontal ones from the one in 
red. For each domain, the dotted lines define a "stripe" , 
reported on the inset of Fig- El which must contain most 
of the FS. It can be worked out that it is the overlap 
between the bands of the two domains that blurs the in- 
tensity at Ef in some regions of the map (e.g. along the 
blue line at ky=0). 

The clarity of the square pattern implies a simple Fermi 
surface geometry, which is in fact surprising when one 
considers that the Ceo LUMOs are triply degenerate, sug- 
gesting more than one piece of FS. To create a simple 
pattern, all LUMO-derived sub-bands must have similar 
FS contours mostly following the dotted lines. In fact, we 
could only distinguish sub-bands if/ when their FS con- 
tours deviate from the dotted lines. There is such a region 
near (k x — 0.4 , k y — —0.4), indicated by black triangles. 
The dispersion image at kj,=-0.4 A -1 (not shown) reveals 
two bands crossing the Fermi level with opposite slopes. 
This allows to refine the contour of the FS for these two 
different sub-bands and the result is shown in Fig. El The 
larger, more rectangular, contour corresponds to one (or 
possibly two) sub-band(s) empty at T, while T is filled for 
the other contour and corresponding band(s). For clar- 
ity, we have reported only the average contour of these 
two pieces of Fermi surface in Fig. 

With this knowledge about the FS of C 60 /Ag(100), we 
can return in more details to the comparison of Fig. 
For Ceo/Ag(lll), the monolayer is a single domain and 
all directions look roughly the same due to the high 
hexagonal symmetry. The comparison with the theoreti- 
cal band structure indicates that the observed dispersion 
corresponds to two unresolved sub-bands and that the 
third one remains totally empty |(|. For C6o/Ag(100), 
we present the dispersion along the diagonal, where it 
is the clearest because it is the same direction, roughly 
corresponding to TM', in both domains. In addition 



to the difference in curvature at T, it is interesting to 
note that the dispersion is significantly larger for Ag(100) 
compared to Ag(lll), namely 135 meV ± 15 meV com- 
pared to about 100 meV. Naively, one would expect the 
opposite because the distances between Cgo are larger on 
Ag(100) than Ag(lll), which should reduce the band- 
width. This further proves that the band structure is not 
simply "rescaled" according to the new lattice but much 
more deeply modified and that all parameters must be 
considered before comparing two different Ceo systems. 

Two factors come to mind to explain the change in 
band structure, either the interaction with the substrate 
or the orientations of the Ceo molecules. It is difficult to 
estimate possible contribution from the substrate, but 
the electronic structure for the K-doped C6o/Ag(lll) 
monolayer was found very similar to that of the bulk [|| , 
suggesting only a marginal influence, as also concluded in 
Ref. p. 8] for doped monolayers on noble metal surfaces. 

To get a better understanding of the possible role of the 
orientations, we now take a closer look at the contact ge- 
ometry between two neighboring molecules in the differ- 
ent cases. On Ag(lll), the contact is always through two 
single bonds, as sketched in Fig. ^J\. Note that this or- 
dering of the Ceo molecules is very close to that found in 
the (111) plane of the disordered fee structure of AaCgo- 
On Ag(100), more different contact geometries are en- 
countered, depending on the respective orientations of 
two neighboring molecules. A molecule oriented along 
a 6-6 bond on top can present either a single bond or 
a pentagon to its neighbor. This results in three possi- 
ble contact geometries, for this 6-6 orientation only (see 
Fig. Q : two single bonds face to face (B), a single bond 
towards a pentagon (C), and two pentagons face to face 
(D). To investigate the impact of these changes on the 
electronic structure, we have calculated the band struc- 
ture [19| in cases B and D and found a large difference, 
as shown on Fig. with bands reaching much lower en- 
ergies at r for case D. This demonstrates the ability of 
the orientations to change the electronic structure. 

It is difficult to make a full realistic calculation for 
Ag(100) because of the coexistence of different orienta- 
tions and also of some uncertainty in the 5-6 orienta- 
tion (it differs by a few degrees between STM and XPD 
[l2l El). However, the previous analysis supports the 
idea that it is the type of contact geometry that defines 
the general shape of the band structure. Indeed, for cases 
A and B, which are in a similar (but not identical) config- 
uration, the dispersion is maximum at T for at least two 
bands, in sharp contrast with the very different config- 
uration represented in D, where two bands show a deep 
minimum. STM images show frequent alternation be- 
tween different orientations, although in a random way. 
The structure in Ag(100) is then likely to be dominated 
by the "bond vs polygon" type of configuration (case C), 
which is obtained each time two neighboring molecules 
have a different orientation. In fact, this type of con- 
figuration is the most favorable energetically because an 
electron-rich bond faces an electron-poor polygon. This 
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FIG. 4: Top : Sketch of the relative positions of the first C 
neighbors for different Ceo arrangement. The dotted line joins 
the center of the two neighboring molecules. Bottom : First 
principle band structure calculations for some of the configu- 
rations shown above. 

is what stabilizes the orientationally ordered sc structure 
[20| (that of Na2CsC6o at low temperatures), where four 
different orientations alternate in the (111) plane to cre- 
ate the "bond vs polygon" situation. We believe that it 
is these identical contact geometries that allow the devel- 
opment of a well defined dispersive structure despite the 
disorder in orientations. Furthermore, our ARPES re- 
sult in C6o/Ag(100) is in qualitative agreement with the 
calculation for the sc structure, based on these contact 
geometries, where T is occupied for two bands pj. 

In conclusion, we evidence here for the first time the 
impact of a change in Ceo orientations on the band struc- 



ture of these materials. We find that relative orientations 
can be more important in defining the band structure 
than the distances between molecules. Very early, cal- 
culations have suggested that the band structure could 
be very sensitive to relative orientations 0, Hi], • We 
present here new calculations for two different arrange- 
ments of the Ceo molecules, related to those found in our 
monolayers, which reveal differences in band structures in 
qualitative agreement with our experimental observation. 
We show that the difference in orientations observed in 
C6o/Ag(lll) and Ceo/Ag(100) closely correspond to the 
different arrangement of the molecules in a (111) plane of 
the fee and sc structures, respectively. Then, our study 
gives an experimental basis to the relevance of orienta- 
tions in band-structure calculations, not only for these 
monolayers, but also to approach real situations in the 
bulk, like the difference between A3C60 and Na2CsC6o- 
More generally, this study gives an example of how the 
internal structure of the building block of complex sys- 
tems can affect their macroscopic properties. 
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